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Kupffer cells, the phagocytes of fetal origin that
line the liver sinusoids, are key contributors of
host defense against enteroinvasive bacteria. Here,
we found that infection by Listeria monocytogenes
induced the early necroptotic death of Kupffer
cells, which was followed by monocyte recruitment
and an anti-bacterial type 1 inflammatory response.
Kupffer cell death also triggered a type 2 response
that involved the hepatocyte-derived alarmin inter-
leukin-33 (IL-33) and basophil-derived interleukin-4
(IL-4). This led to the alternative activation of
the monocyte-derived macrophages recruited to
the liver, which thereby replaced ablated Kupffer
cells and restored liver homeostasis. Kupffer cell
death is therefore a key signal orchestrating type 1
microbicidal inflammation and type-2-mediated liver
repair upon infection. This indicates that beyond the
classical dichotomy of type 1 and type 2 responses,
these responses can develop sequentially in the
context of a bacterial infection and act interdepen-
dently, orchestrating liver immune responses and
return to homeostasis, respectively.
INTRODUCTION
Among innate immune effectors, professional phagocytes such
as neutrophils and macrophages play a central role in detecting
and eliminating microbes (Sarantis and Grinstein, 2012). There
are two main subtypes of F4/80+ macrophages in mice, referred
to as tissue-resident and monocyte-derived macrophages (Ha-
shimoto et al., 2013; Schulz et al., 2012; Sieweke and Allen,
2013; Yona et al., 2013; Ginhoux and Jung, 2014). Tissue-resi-
dent macrophages, such as Kupffer cells (KCs) in the liver,
act as sentinels capturing antigens and pathogens (Tacke and
Zimmermann, 2014). KCs are embryonically derived, exhibit a
type-2-like (M2-like) ‘‘anti-inflammatory’’ phenotype, and areself-renewed locally at steady state, independently of monocyte
recruitment (Hashimoto et al., 2013; Schulz et al., 2012; Yona
et al., 2013).
In the context of a type 2 response triggered by a helminthic
infection, it has been shown that tissue-resident macrophages
including KCs proliferate locally in an interleukin-4 (IL-4)-depen-
dent manner, without any recruitment of monocyte-derived cells
(Jenkins et al., 2011). However, the specific contribution of local
macrophage proliferation on infection control and/or tissue re-
turn to homeostasis remains unclear, at least in the liver (Ginhoux
and Jung, 2014). Such a local macrophage proliferation has not
been described in the context of a bacterial infection. Indeed and
in contrast to what is described for helminths, invasive bacteria
are known to trigger a type 1 inflammatory response, which is
IL-4 independent (Hsieh et al. 1993; Serbina and Pamer. 2006;
Shi et al., 2010).
Listeria monocytogenes (Lm) is a very well characterized facul-
tative intracellular model microorganism. It is a foodborne path-
ogen that actively crosses the intestinal barrier, disseminates
systemically, and reaches the liver, spleen, central nervous sys-
tem, and fetal-placental unit (Disson et al., 2008; Disson and Le-
cuit, 2012; Lecuit et al., 2001; Nikitas et al., 2011; Serbina and
Pamer. 2006; Shi et al., 2010). Lm, which is thought to be
captured by KCs, triggers a massive recruitment of monocytes
leading to the formation of liver Lm-containing micro-abscesses
2 to 3 days postinoculation (dpi) (Ebe et al., 1999; Murray et al.,
1926; Shi et al., 2010). These micro-abscesses contain recruited
type 1 (M1) monocyte-derived macrophages, TNF/iNOS-pro-
ducing dendritic cells (Tip-DCs), and neutrophils (Serbina and
Pamer, 2006; Ebe et al., 1999; Shi et al., 2010). Monocyte recruit-
ment to the liver requires their chemokine receptor CCR2-
dependent egress from the bone marrow (Shi et al., 2010), its
ligand CCL2 being produced within the Lm-infected liver during
the first steps of infection (Ebe et al., 1999). These recruited cells,
defined as ‘‘pro-inflammatory’’ M1 macrophages, are strongly
bactericidal, are not known to replicate, and have been shown
to play a critical role in the rapid control of the infection.
Here, we have investigated the respective fates of KCs and re-
cruited monocyte-derived macrophages upon Lm infection. Un-
expectedly, in the context of a bacterial infection, we show that
macrophage proliferation is detectable within mouse infectedImmunity 42, 145–158, January 20, 2015 ª2015 Elsevier Inc. 145
liver and peaks 3 dpi. We show that macrophage-colony-stimu-
lating factor (M-CSF) and basophil-derived IL-4, which are hall-
marks of type 2 responses, are implicated in Lm-inducedmacro-
phage proliferation, as it has been observed in the context of
allergy (Egawa et al., 2013; Motomura et al., 2014) or helminthic
infection (Jenkins et al., 2011, 2013; Voehringer et al., 2004).
Nevertheless, and in sharp contrast to what has been reported
with helminths, we show that Lm-induced macrophage prolifer-
ation is restricted to recruited monocyte-derived macrophages
and does not involve tissue-resident KCs. In fact, KCs undergo
a rapid necroptotic death upon the first hours of their infection
by Lm. Furthermore, we show that KC necroptosis triggers hepa-
tocytes to release the alarmin interleukin-33 (IL-33), which trig-
gers basophil IL-4 production (Pecaric-Petkovic et al., 2009),
which in turn causes recruited monocyte-derived macrophages
to proliferate and shift from an M1 to M2 phenotype. This allows
ultimately the replacement of dead KCs by monocyte-derived
M2 macrophages upon Lm infection. Similar results were ob-
tained with the enteroinvasive bacterium Salmonella enterica.
Finally, we show that the successive type 1 and type 2 responses
in Lm-infected liver are necessary for infection control and return
to tissue homeostasis, respectively. This study therefore iden-
tifies KC death as a key signal orchestrating type 1 microbicidal
inflammation and type-2-mediated liver return to homeostasis
upon infection. This indicates that beyond the classical dichot-
omy of type 1 and type 2 responses, they can be functionally
complementary and critically contribute to liver defense and
homeostasis.
RESULTS
Lm Induces Local Proliferation of Liver Macrophages
At steady state, KCs (F4/80+) and hepatocytes (E-cadherin+) did
not present mitotic activity, as evidenced by the absence of any
Ki67 labeling (Figure S1A available online). In contrast, upon Lm
infection, we detected an increased number of total liver macro-
phages as previously reported (Shi et al., 2010) (Figures 1A and
S1B), but also replicating Ki67+F4/80+ cells (Figures 1A, 1B, S1C,
and Movie S1). F4/80+ macrophages were the only Ki67+ cells,
because neither hepatocytes (data not shown) nor Ly-6G+ neu-
trophils (Figure 1C) proliferated. Of note, at this time point,
bone marrow monocytes did not present any detectable in-
crease in mitotic activity (Figure S1D). This is fully consistent
with the seminal observation of R.J. North of the induction of a
mitotic activity of liver phagocytes upon Lm infection (North,
1969). This phenotype was not dependent on the infection route,
as shown by the fact that it was observed upon both intravenous
infection of wild-type (WT) mice and oral inoculation of human-
ized mice permissive to orally acquired listeriosis (data not
shown) (Disson et al., 2008). Lm-induced liver macrophage pro-
liferation was detectable as early as 24 hpi, peaked at 3 dpi, and
persisted up to 14 dpi (Figure 1D), whereas bacteria were totally
cleared before 10 dpi (Figure 1E).
Lm-Induced Liver Macrophage Proliferation Requires
M-CSF and Basophil-Derived IL-4
At steady state, self-renewal of tissue-resident macrophages as
microglia and Langerhans cells involves the macrophage-col-
ony-stimulating factor receptor (M-CSFR) (Greter et al., 2012;146 Immunity 42, 145–158, January 20, 2015 ª2015 Elsevier Inc.Wang et al., 2012). In uninfected and infected mice treated
with GW2580, a specific M-CSFR inhibitor (Conway et al.,
2005), the total number of liver macrophages was decreased
(Figure S2A). Moreover, in infected mice treated with GW2580,
Lm-induced liver macrophage proliferation at 3 dpi was totally
prevented (Figure 2A), indicating a critical role for M-CSFR
signaling in Lm-induced liver macrophage proliferation. Of
note, treatment with GW2580 had no effect on Lm bacterial
load in the liver (Figure S2B).
Upon helminthic infection and subsequent type 2 inflamma-
tion, pleural macrophage proliferation can be induced by IL-4,
a prototypic type 2 cytokine (Jenkins et al., 2011, 2013). Strik-
ingly, Lm-induced liver macrophage proliferation was decreased
in Il4/ mice (Figures 2B, 2C, and S2C), whereas bone marrow
monocyte proliferation was not modified as compared to WT
mice (Figures S1D and S2D). CD49bintFcεR1intCD117 baso-
phils have been described as a source of IL-4 in models of
type 2 immune responses such as allergy (Obata et al., 2007;
Sullivan et al., 2011; Egawa et al., 2013; Motomura et al., 2014)
and helminthic infection (Sokol and Medzhitov, 2010; Obata-Ni-
nomiya et al., 2013). However, their role during bacterial infection
and in particular those associated with type 1 responses is un-
known. Upon Lm infection, basophils were recruited to the liver
(Figure 2D), notably in micro-abscesses (Figure 2E). Of note,
the quantity of CD49bloFcεR1hiCD117int liver mast cells also
increased (Figures S2E and S2F). When basophils were depleted
(Figure S2G), Lm-induced macrophage proliferation was signifi-
cantly decreased, as in Il4/mice (Figures 2B and 2C), whereas
the total number of macrophages was unchanged (Figure S2H).
Moreover, IL-4 production in the liver was impaired in basophil-
depleted mice (Figure 2F), and upregulation of Il4 transcription
was detected in liver-sorted basophils (Figure 2G) andmast cells
(data not shown), demonstrating that these cells act as the
source of liver IL-4 in response to Lm. Altogether, these results
suggest that basophil-derived IL-4 is implicated in Lm-associ-
ated macrophage proliferation, although liver bacterial burden
is not affected by basophil depletion and in Il4/mice, suggest-
ing that basophil-derived IL-4 is not involved in Lm infection
control (Figure 2H).
Proliferating Liver Macrophages Derive from Recruited
Monocytes
We next investigated the origin of proliferating macrophages
within the infected liver. Lm is known to induce the recruitment
in the liver of inflammatorymonocytes that differentiate intomac-
rophages and TipDCs (Shi et al., 2010). We followed the fate
of the three distinct subsets of CD45+F4/80+ cells within the
liver upon Lm infection (Figures 3A and S3A). KCs are defined
as F4/80hiCD11bloLy6Clo, inflammatory monocytes (Mos) as
F4/80loCD11bintLy6Chi, and monocyte-derived macrophages
(MoMs) as F4/80intCD11bhiLy6Cint (Zigmond et al., 2014; Nasci-
mento et al., 2014). The number of KCs dropped transiently dur-
ing the first days of infection but was restored at 9 dpi (Figure 3A).
In parallel, MoMs accumulated in the first 3 dpi and returned to
initial numbers at 9 dpi (Figure 3A). Of note, the number of
MoMs increased before any accumulation of Mos was detect-
able, indicating that the differentiation of Mos into MoMs is
very rapid during the early phase of infection (Figure S3A). In
line with the absence of detectable monocyte proliferation in
Figure 1. Lm Induces Local Proliferation of Liver Macrophages
Livers were harvested from WT mice 3 dpi after intravenous infection with 5 3 105 Lm unless specified.
(A) Flow cytometry analysis of liver cells. Percentages of Ki67+ cells are out of CD45+F4/80+ cells (n = 6, Mann-Whitney test, experiment repeated three times).
(B and C) Confocal imaging of frozen sections of the liver. Sections are stained for macrophages (F4/80), proliferating cells (Ki67), and either Listeria (B) or
neutrophils (Ly-6G) (C). Scale bars represent 10 mm. The experiment was repeated three times.
(D and E) Quantification over time of F4/80+Ki67+ among total F4/80+ cells on frozen sections of the liver (D) and kinetics of liver bacterial load from WT mice (E).
The experiment was repeated two times.
Mean ± SD are shown. See also Figure S1.the bone marrow (Figure S1D), we observed that only differenti-
ated macrophages (KCs and MoMs) proliferated in the liver in
response to Lm infection (Figure S3A).
To further investigate liver macrophage proliferation, we used
CX3CR1-GFP reporter mice, in which cells expressing the
CX3CR1 receptor are GFP
+ (Jung et al., 2000; Yona et al.,2013), and analyzed the dynamics of the subsets of liver macro-
phages upon infection. KCs, as previously reported, do not ex-
press CX3CR1 at steady state (Figure S3B) whereas monocytes
do (Yona et al., 2013; data not shown). Upon infection, a pool of
GFP+ KCswas detectable as early as 1 dpi and became predom-
inant at 3 dpi (Figure S3B). These results are consistent with theImmunity 42, 145–158, January 20, 2015 ª2015 Elsevier Inc. 147
Figure 2. Lm-Induced Liver Macrophage Proliferation Requires M-CSF and Basophil-Derived IL-4
Livers were harvested from WT mice 3 dpi after intravenous infection with 5 3 105 Lm unless specified.
(A) Quantification of F4/80+Ki67+ cells on representative fields of liver sections. Mice were fed or not with 2 mg of theM-CSFR inhibitor GW2580 bid 7 days before
Lm infection and the 3 following days (n = 4, M-W test, experiment repeated two times).
(B) Flow cytometry analysis of gated CD45+F4/80+ liver cells. Percentages of Ki67+ cells are out of CD45+F4/80+ cells (n = 3, M-W test, experiment repeated two
times).
(C) Quantification of F4/80+Ki67+ among total F4/80+ cells on frozen sections of the liver cells in the liver of WT, WT basophil-depleted, or Il4/mice (n = 8, M-W
test, experiment repeated three times).
(D) Flow cytometry analysis of liver CD45+ cells. Basophils were defined as CD49bintFcεR1int cells (n = 4, M-W test, experiment repeated two times).
(E) Confocal imaging on frozen sections of the liver stained for F4/80 (green), CD200R3 (red), and nuclei (blue) (n = 3, M-W test, experiment repeated two times).
Scale bars represent 20 mm. The inset is an enlargement of squared area. One representative field is shown.
(F) ELISA of IL-4 in supernatants of the homogenized liver of Lm-infected mice (n = 4, M-W test, experiment repeated two times). n.d. indicates not detected.
(G) Relative expression of Il4 in sorted liver basophils obtained from uninfected or infected mice (n = 3, experiment repeated two times).
(H) Lm bacterial burden in the liver of Lm-infected WT, WT basophil-depleted, or Il4/ mice (n = 8, M-W test).
See also Figure S2.hypothesis that GFP+ KCs upon infection derive from recruited
monocytes differentiated into proliferating KCs. These GFP+
KCs then downregulated CX3CR1 to the initial amount of expres-
sion (Figure S3B). Only GFP+ monocyte-derived ‘‘KC’’ cells
proliferated, whereas embryo-derived GFP KCs did not (Fig-
ure S3C).Moreover, when proliferation ofmacrophageswas trig-
gered in noninfected mice, by administration of IL-4c (a complex
in which the bioactive half-life of IL-4 is increased in vivo), native
KCs proliferated (Figure S3D), as previously observed (Jenkins
et al., 2011). Nevertheless, KCs did not upregulate CX3CR1 (Fig-
ure S3D), arguing for a replacement of native GFP KCs by GFP+
monocyte-derived ‘‘KCs’’ and not an upregulation of CX3CR1 in
native KCs.
We also used a complementary experimental model, macro-
phage Fas-induced apoptosis (MaFIA)-GFP mice, in which cells
expressing M-CSFR are GFP+ (Burnett et al., 2004). We infused148 Immunity 42, 145–158, January 20, 2015 ª2015 Elsevier Inc.GFP+monocytes from thesemice to recipient WTmice concom-
itantly infected or not with Lm (Figure S3E). KCs from uninfected
mice were GFP, confirming the absence of replenishment of
KCs by circulating monocytes at steady state (Figure 3B). In
sharp contrast, at 1 dpi, the KC pool as defined at steady state,
included a large proportion of GFP+ cells, indicating the replace-
ment of embryo-derived KCs by monocytes upon infection (Fig-
ure 3B). Of note, these new GFP+ cells slightly overexpress
CD11b and Ly6C as compared to GFP KCs, pointing to a
possible intermediate differentiation between Mo and KC (Fig-
ure S3F). We also confirmed that proliferation is restricted to
GFP+ monocyte-derived ‘‘KCs’’ and does not implicate embry-
onic-derived KCs (GFP) (Figure S3G).
Upon Lm infection, inflammatory monocytes egress from the
bone marrow in a CCL2-CCR2-dependent manner (Shi et al.,
2010). This indicates that only KCs populate the liver of Ccr2/
mice (data not shown). The total number of liver macrophages
dramatically dropped in infected Ccr2/ mice at 3 dpi (Fig-
ure 3C), confirming the drastic depletion of KCs observed at
this time point in infected WT mice (Figure 3A). Furthermore, in
infected Ccr2/mice, no Ki67+ cell was detectable (Figure 3C).
Accordingly, in irradiated Ccr2/ mice engrafted with a Ccr2+/+
bone marrow, liver macrophage proliferation was restored (Fig-
ure 3C). Of note, these results also show that Ki67+ macro-
phages in Lm-infected liver derived from recruited inflammatory
monocytes and not patrolling monocytes, which number is
CCR2 independent (Carlin et al., 2013).
Finally, we generated bonemarrow chimeras by engraftingWT
bone marrow in irradiated MaFIA-GFP mice (WT/MaFIA-GFP).
KCs, which are radio-resistant (Klein et al., 2007), remain of
host origin and are therefore F4/80+GFP+, whereas monocyte-
derived macrophages of donor origin are F4/80+GFP (Figures
3D and S3H). Ki67+ macrophages were exclusively GFP, indi-
cating their bone marrow origin and the absence of proliferating
liver-resident macrophages upon infection (Figure 3D). Further-
more, and in agreement with data presented in Figures 3A and
3C, we also observed a drastic depletion of embryonic-derived
GFP+ KCs (Figures 3D and 3E). GFP+ KCswere depleted as early
as 12 hpi and replaced by GFP monocyte-derived macro-
phages. No repopulation by GFP+F4/80+ cells was observed
over at least 4 weeks, long after bacteria were cleared from the
liver (Figure 3E).
Altogether, these results show that Lm-induced proliferating
F4/80+ liver cells derive from monocytes, whereas embryonic-
derived KCs are massively depleted upon Lm infection.
Lm Induces Kupffer Cell Necroptosis
We next investigated the processes accounting for Lm-induced
KC depletion. To this end, we first used a high inoculum (108 col-
ony-forming units), lethal for mice in 1 to 2 days, in order to
induce a heavy early bacterial load in the liver (Di Paolo et al.,
2013). At 4 hpi, when monocyte recruitment is only starting (Fig-
ure S4A), liver macrophages were massively and exclusively in-
fected (Figures 4A and S4B), indicating that other cell types such
as hepatocytes were not infected at this early time point. Lm
has been shown to rapidly kill macrophages in a listeriolysin
O- (LLO-) and type 1 IFN-dependent manner in vitro and in vivo
(Stockinger et al., 2002; Di Paolo et al., 2013; O’Connell et al.,
2004; Auerbuch et al., 2004; Carrero et al., 2004; Robinson
et al., 2012; Solodova et al., 2011). Accordingly, we detected
dying macrophages, almost exclusively infected ones, as evi-
denced by propidium iodide permeability (Figures 4B and S4C),
consistent with previous results (Di Paolo et al., 2013). Macro-
phage death was restricted to KCs and was also observed in
mice infected with a lower non-lethal inoculum, used throughout
this study (53 105 colony-forming units) (Figure 4C). Of note, the
highand low inocula induceda similar KCdeath rate (FigureS4D),
although bacterial liver burdens differed by several orders of
magnitude (Figure S4D). Lm-induced KC death was LLO depen-
dent, as shown by the fact that it was impaired when mice were
infected with an isogenic mutant Dhly that does not produce
LLO (Figure S4E). KC death was also impaired in Ifnar/ mice,
which lack type 1 interferon receptor, indicating a role of this
signaling pathway in KC death (Figure 4D). As reported (Di Paolo
et al., 2013), we found a role for the interferon regulatory factor 3(IRF3), a transcription factor activated by the IFNAR signaling
pathway, in KC death (Figure 4D; O’Connell et al., 2004). Lm is
also known to induce cultured bone-marrow-derived macro-
phage death by a caspase-1-dependent pyroptosis pathway
(Cervantes et al., 2008). Caspase-1 was not required for
Lm-induced KC death (Figure 4D), indicating that KCs do not
die by pyroptosis. In contrast, KC death was inhibited by necros-
tatin-1 and necrostatin-1s (Figure 4D), chemical inhibitors of
RIP1, a kinase critically involved in necroptosis (Degterev et al.,
2008; Takahashi et al., 2012). Of note, Lm-induced KC necropto-
siswasnegatively regulatedbyRIP3 (Figure4D), a featurealready
observed in non-infectious models (Linkermann et al., 2012).
Salmonella enterica Induces Early KC Death and
Subsequent Liver Macrophage Proliferation
Salmonella enterica serovar Typhimurium (SeT) is another facul-
tative intracellular foodborne bacterium that induces a systemic
infection in mice and induces macrophage necroptosis in vitro
and in the spleen (Robinson et al., 2012). As observed with Lm,
SeT triggered KC death during the early hours of infection
(Figure S5A). Furthermore, SeT also induced liver macrophage
proliferation at 3 dpi (Figure S5B). This suggests that the death
of KCs and their replacement by proliferating monocyte-derived
macrophages is probably a general response of the liver to an
infectious challenge, at least in the case of facultative intracel-
lular enteropathogens.
Hepatocyte-Derived IL-33 Induces Monocyte-Derived
Macrophage Proliferation
We next investigated the signals that might link bacteria-induced
KC death to proliferation of recruited monocyte-derived macro-
phages. Because basophils and type 2 innate immune re-
sponses are involved in Lm-induced macrophage proliferation,
we focused on alarmin IL-33, a putative inducer of IL-4 produc-
tion by basophils, at least in the context of allergy (Pecaric-Pet-
kovic et al., 2009; Townsend et al., 2000). A gradual increase of
Il33 transcription and IL-33 titer were observed in Lm-infected
liver, with a peak at 24 hpi (Figures 5A and S6A). Although KCs
were the sole cell type infected at 4 hpi (Figure 4A), they have
not been described as a source of IL-33. Accordingly, IL-33
was not detectable in KCs upon Lm infection (Figure S6B), but
exclusively in surrounding hepatocytes, as shown by the typical
nuclear staining with an anti-IL-33 antibody of E-cadherin+
cells (Figure S6C). Of note, when KC death was blocked by
necrostatin-1s, both early IL-33 production by hepatocytes
and recruited monocyte-derived macrophage proliferation at 3
dpi were strongly decreased (Figures 5B and 5C).
Although not involved in KC death, caspase-1 was activated in
KCs and IL-1b processed upon infection (Figure S6D). Accord-
ingly, we detected IL-1b production in the liver at 4 hpi (Fig-
ure S6E). Furthermore, IL-33 production was impaired in
Casp1/ mice (Figure S6F). IL-33 production was also strictly
dependent on LLO expression by Lm, as shown by the fact
that it was totally abolished upon infection with Lm Dhly
(Figure S6F).
IL-33 is a well-established activator of IL-4 production by ba-
sophils in the context of allergy (Pecaric-Petkovic et al., 2009).
Because basophils were recruited to the liver and produced
IL-4 upon Lm infection (Figure 2), we hypothesized that IL-33Immunity 42, 145–158, January 20, 2015 ª2015 Elsevier Inc. 149
Figure 3. Proliferating Macrophages Derive from Recruited Monocytes
(A) Flow cytometry analysis on gated CD45+F4/80+ liver cells isolated from uninfected mice or 1, 3, and 9 dpi (n = 6). The experiment was repeated three times.
KCs are CD11bloLy-6Clo, Mos are CD11bintLy-6Chi, and MoMs are CD11bhi Ly-6Cint.
(B) Flow cytometry analysis of liver KCs obtained fromWT mice. Mice were transferred with GFP+ monocytes obtained from MaFIA mice concomitantly with the
infection by 5 3 105 bacteria. Liver cells were obtained at 1 dpi and gated as described above (n = 4, M-W test, experiment repeated two times).
(C) Quantification of F4/80+ (left) and F4/80+ Ki67+ cells (right) on at least five representative fields of liver sections of WT, Ccr2/, or chimeric WT/Ccr2/
(n = 4, M-W test). The experiment was repeated three times. Bottom: Confocal imaging of frozen sections of the liver obtained from Ccr2/ or chimeric WT/
Ccr2/mice at 3 dpi. Sections are stained for F4/80 and Ki67. Scale bars represent 10 mm. One representative of at least five randomly chosen fields is shown
(n = 4, experiment repeated three times).
(legend continued on next page)
150 Immunity 42, 145–158, January 20, 2015 ª2015 Elsevier Inc.
Figure 4. Lm Induces Kupffer Cell Necroptosis
(A) Confocal imaging on frozen sections of the liver obtained from WT mice and stained for F4/80 (green) and Lm (red). Scale bars represent 20 mm (left) or 5 mm
(right). One representative of at least five randomly chosen fields is shown. Livers were obtained from mice at 4 hpi after intravenous infection with 1 3 108 Lm.
Quantification of the distribution of bacteria within cells under these conditions of infection. 100 infected cells from 3 mice were randomly chosen and analyzed.
(B) As in (A), PI fluorescence is shown in purple. Scale bar represents 5 mm.
(C) Quantification by flow cytometry of PI-permeable cells among gated KCs, Mos, or MoMs. Livers were obtained from mice at 1 dpi with 5 3 105 Lm (n = 4,
M-W test, experiment repeated two times).
(D) Quantification of F4/80+ PI-permeable cells on representative fields of frozen sections of the liver of WT, Irf3/, Ifnar/, Casp1/, and Rip3/ or WT mice
treatedwith necrostatin-1 or necrostatin-1s (1 single i.v. injection 90min prior to the infection of indicated amount) (n = 3,M-W test). The experiment was repeated
two times. ns indicates non-significant. The scale expresses the relative amount of dying macrophages between the different conditions, the WT being fixed to
100 for clarity.
See also Figure S4.triggers basophil activation and production of IL-4. Of note, we
detected a specific increase in Il33 transcription in sorted liver
basophils from Lm-infected mice as compared to uninfected an-
imals (Figure S7A). These results highlight a possible amplifica-
tion loop of basophil activation in response to Lm. Lm-induced
liver macrophage proliferation was reduced in Il1rl1/ mice
(IL-33-receptor-deficient mice) (Townsend et al., 2000). Macro-(D) Confocal imaging on frozen sections of liver obtained fromWT/MaFIA-GFPm
producing cells is shown in green. Scale bars represent 20 mm. One representat
(E) Quantification on five representative fields of liver sections of F4/80+ GFP+ (to
indicating periods after inoculum (n = 3 mice non-infected and 2 mice per time p
Mean ± SD are shown. Please also see Figure S3.phage proliferation was also reduced in mice treated with an
anti-T1/ST2 neutralizing antibody, a specific IL-33-receptor in-
hibitor (Figure 5D), showing that IL-33 pathway is required for
macrophage proliferation upon Lm infection, most likely by trig-
gering the activation of basophils. Thus, IL-33 is quickly pro-
duced upon Lm infection and is required for liver macrophage
proliferation.ice and stained for F4/80 (white) and Ki67 (red). GFP fluorescence of M-CSFR-
ive of at least five randomly chosen fields is shown.
p) among total F4/80+ (bottom) cells of chimeric mice WT/MaFIA-GFP over
oint after inoculum).
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Figure 5. Hepatocyte-Derived IL-33 Induces Monocyte-Derived
Macrophage Proliferation
(A) Il33 gene expression assay (left) and ELISA of IL-33 (right) in supernatants
of homogenized livers obtained from WT mice after intravenous infection with
5 3 105 Lm. Mice were sacrificed at indicated time points after inoculation
(n = 4, t test, experiment repeated two times). Mean ± SD are shown.
(B) Quantification of IL-33+ cells on representative fields of frozen sections of
the liver of WT mice treated or not with 10 mg of necrostatin-1s after intrave-
nous infection with 53 105 Lm. Mice were sacrificed at 4 hpi (n = 4, M-W test,
experiment repeated two times).
(C) Quantification of F4/80+Ki67+ cells on representative fields of frozen sec-
tions of the liver of WT mice treated or not with 10 mg of necrostatin-1s. Mice
were sacrificed at 3 dpi (n = 4, M-W test, experiment repeated two times).
(D) Quantification of F4/80+Ki67+ cells on representative fields of frozen sec-
tions of the liver of WT, t1/st2/, or WT mice treated with an anti-T1/ST2
antibody or 3 dpi after i.v. infection with 5 3 105 bacteria (n = 4, M-W test,
experiment repeated three times).
See also Figure S6.The Type 1 Inflammatory Liver Response to Lm Is
Counterbalanced by a Subsequent Type 2 Response
We then investigated macrophage polarization in the liver upon
Lm infection. As compared to uninfected liver, the transcription
of Ym1, an M2 marker, was repressed during the initial phase
of infection in whole liver extracts (Figure 6A). At 3 dpi, the time
when macrophages proliferate, Ym1 was expressed in normal
amounts, indicating that the liver was being polarized back to
its native M2 phenotype (Figure 6A). We sorted the three distinct
subsets of CD45+F4/80+ liver cells and analyzed expression of
M2 markers upon Lm infection. Mos, which initially express
Ifng at 1 dpi, are deactivated and polarized toward anM2 pheno-
type at 3 dpi (expression of Retnla and Ym1 and repression of
Ifng) (Figure 6B). This is consistent with their differentiation into
proliferating KCs. Also consistent with our previous results, M2
Mos polarization was abolished in Il4/ mice (Figure S7B).
The liver response to Lm therefore follows two successive
steps: (1) a very early phase when KCs die, triggering the
recruitement and differentiation of M1-polarized monocyte-152 Immunity 42, 145–158, January 20, 2015 ª2015 Elsevier Inc.derived macrophages to control bacterial load and (2) a subse-
quent phase when monocytes shift to an M2 phenotype, differ-
entiate into new KCs, and proliferate to ultimately replace
dead original embryonic-derived KCs. We next assessed the
impact of this polarization shift in the resolution of infection. IL-
4 is well known to alternatively activate macrophages (M2),
decreasing their bactericidal activity and triggering their local
proliferation (Mosser and Edwards, 2008; Jenkins et al., 2011).
Indeed, treatment with IL-4c induces both macrophage prolifer-
ation and their M2 polarization as evidenced by the expression of
Ym1 (Jenkins et al., 2011; Gundra et al., 2014). Accordingly,
treatment with IL-4c induced both macrophage proliferation
and their M2 polarization in uninfected and infected mice (Fig-
ure S7C). Shifting the polarization of liver macrophages toward
an M2 phenotype prior to and upon infection led to a decreased
capacity of the liver to control Lm (Figure 6C). In sharp contrast,
treatment of mice with IFN-g, which polarizes macrophages to-
ward an M1 phenotype, led to a decrease in Lm liver bacterial
burden (Figure 6C). These results illustrate that whereas M1 po-
larization increases liver bactericidal activity against Lm, M2 po-
larization decreases it. Of note and as previously reported (Shi
et al., 2010), in Ccr2/ mice, in which type 1 inflammation is
impaired because inflammatory monocytes cannot egress from
the bone marrow, liver infection was strongly promoted and
mice died between 3 and 7 dpi (Figure 6C). The M2 polarization
of recruited monocytes and their subsequent proliferation in Lm-
infected liver might nevertheless be beneficial to the host, ending
the M1 phase of bacterial eradication, dampening Lm-induced
acute inflammation, limiting tissue injury, and promoting liver re-
turn to homeostasis (Medzhitov, 2010; Mills, 2012). In agreement
with this hypothesis, type 2 hyperpolarization with IL-4c pre-
served tissue integrity and decreased inflammatory lesions (Fig-
ure 6D), although it was associated to Lm persistence at high
titers in the liver at 7 dpi. In contrast, hyperstimulation of type 1
responses with IFN-g led to early bacterial eradication but strong
inflammatory liver infiltration response at 7 dpi (Figure 6D).
Lm-Induced Macrophage Proliferation Dampens
Inflammation, Allowing the Liver to Return to
Homeostasis
We finally investigated the mid-term effects on liver anatomy of
the type 2 response to Lm infection. In WT infected mice, the
normal sinusoidal architecture was fully restored by 30 dpi,
with macrophages having fully repopulated sinusoids and differ-
entiated into cells indiscernible from original embryo-derived
KCs of an uninfected liver (Figure 7A and Movies S2, S3, and
S4). This indicates that the liver has not only cleared infection
but also entirely recovered its original architecture. In sharp
contrast, in basophil-depleted mice in which monocyte-derived
macrophage proliferation is impaired during infection, foci of
macrophages were not resorbed (Figure 7A and Movies S5,
S6, and S7) and the liver architecture was comparable to what
was observed at the peak of Lm infection. Furthermore, persis-
tent inflammatory lesions were observed, which were both larger
and in higher numbers than those observed in control mice at
3 weeks after inoculation (Figure 7B). At this late time point, bac-
teria were totally cleared in both cases (Figure S7D). Of note, in
Il4/ mice, inflammatory lesions were also observed, but only
in the peri-portal area (Figure S7E).
Figure 6. The Early Type 1 Inflammatory
Response to Lm Is Followed and Counter-
balanced by the Type 2 Response
(A) Ym1 gene expression assay in supernatants of
homogenized livers obtained from WT mice after
i.v. infection with 5 3 105 bacteria. Mice were
sacrificed at indicated time points after inoculation
(n = 6). The experiment was repeated two times.
Mean ± SD are shown.
(B) Relative expression of Ifng, Retnla, Arg1, and
Ym1 genes in sorted liver macrophages obtained
from uninfected or infected mice (n = 6). The
experiment was repeated two times. Mean ± SD
are shown.
(C) Lm burden in the liver of indicated mice i.v.
infected with 5 3 105 bacteria for indicated time
points. Dagger (y) indicates dead mouse. Mice
were injected with IL-4c every 48 hr or daily with
IFN-g from the day 1 before infection and then
sacrificed at indicated time points (n = 4, t test).
The experiment was repeated two times.
(D) Hematoxylin and eosin staining of liver sections
obtained from these mice at 7 dpi (n = 4, M-W test,
experiment repeated two times). Mean ± SD are
shown.
See also Figure S7.DISCUSSION
Targeting of the liver by Lm was reported almost a century ago,
when Lm was first identified (Murray et al., 1926; Pirie, 1927).Immunity 42, 145–158Although Lm is a very well established
model bacterium for immunologists,
which has led to key discoveries in the
fields of innate and adaptive immunity (re-
viewed by Pamer, 2004), surprisingly little
is known about the liver phase of listeri-
osis. Here, we have shown that resident
KCs and recruited monocyte-derived
macrophages have radically divergent
fates upon infection: infected KCs
die, whereas monocyte-derived macro-
phages control the infection, proliferate,
and replace dead KCs, restoring liver ho-
meostasis. Whether embryo-derived KCs
and monocyte-derived KCs possess the
same functional properties at homeosta-
sis, upon stress, and along their life is an
open question. KCs, which as bona fide
resident macrophages polarized toward
an M2 phenotype at steady state, fail to
control Lm infection directly but trigger
two complementary signals allowing (1)
the control of the infection by the recruit-
ment of microbicidal monocytes and (2)
the subsequent return to liver homeosta-
sis by replacement of dead KCs by bone
marrow monocytes that differentiate into
tissue macrophages.
Inflammatory monocytes are not the
only recruited professional phagocytesinvolved in bacterial clearance from infected tissues. Neutrophils
are also recruited to the liver during the first steps of Lm infection,
prior to inflammatory monocytes. Their involvement in Lm clear-
ance remains debated and is probably minor compared to, January 20, 2015 ª2015 Elsevier Inc. 153
Figure 7. Lm-Induced Macrophage Proliferation Dampens Inflammation, Allowing the Liver to Return to Homeostasis
(A) Confocal imaging on representative fields of frozen sections of the liver obtained from Flk1-GFP mouse untreated or basophil-depleted and i.v. infected with
5 3 105 bacteria at 0-, 3- or 30-dpi and stained for F4/80 (green). GFP fluorescence of Flk1+ cells is shown in white. Scale bars represent 20 mm (n = 4). The
experiment was repeated two times.
(B) Left: Hematoxylin and eosin staining of liver sections obtained fromWT mice non-infected or i.v. infected with 53 105 bacteria 21 dpi. White arrows indicate
inflammatory infiltrates. Scale bars represent 200 mm.Right: Quantification of the number and the size of inflammatory infiltrates. Onewhole slice of the liver (more
than 100 fields) was used for the quantification (n = 3, t test). The experiment was repeated two times.
Mean ± SD are shown. See also Figure S7.inflammatorymonocytes (Carr et al., 2011; Shi et al., 2011). How-
ever, they are probably involved in the elimination of dead KCs
(our unpublished data). Patrolling monocytes are another sub-
type of phagocytes also involved in host response to Lm. In an
Lm peritoneal infection model, it has been shown that patrolling
monocytes are the first phagocytes recruited in infected tissues,
a few minutes after inoculation, in a CCR2-independent manner
(Auffray et al., 2007). The precise functions of these monocytes,
the lineage of which is distinct from that of inflammatory mono-
cytes (Hanna et al., 2011), remain enigmatic within the liver,
but it has recently been proposed that they could contribute to
the recruitment of neutrophils and the necrosis of endothelial154 Immunity 42, 145–158, January 20, 2015 ª2015 Elsevier Inc.cells in the kidney cortex (Carlin et al., 2013). A precise study
of the interactions between infected KCs, patrolling monocytes,
and CD103+ peripheral dendritic cells, all potentially involved in
liver response to Lm (Edelson et al., 2011), and neutrophils would
be needed to fully characterize the early steps of Lm infection of
the liver.
We show here that recruited monocyte-derived macrophages
proliferate locally and fully regenerate the liver-resident macro-
phage pool, which is rapidly and massively depleted by Lm.
Local proliferation of macrophages has been reported in the
context of type 2 inflammation that occurs upon Litomosoides
sigmodontis infection (Jenkins et al., 2011) and, more recently,
in the context of atherosclerosis (Robbins et al., 2013) and in a
model of cardiac injury (Epelman et al., 2014). Another study
published very recently (Nascimento et al., 2014) has shown
that upon infection by Schistosoma mansoni, a prototypic
type 2 pathogen, Ly6Chi monocytes are also recruited. Our
study reports monocyte-derived macrophage proliferation and
replacement of tissue-resident macrophages in the specific
context of a bacterial infection, an outstanding question in
the field of macrophage ontogeny (Ginhoux and Jung, 2014).
This is of particular interest in the case of Lm, because it is mainly
described to trigger a canonical type 1 response. Embryo-
derived KC death in the context of an infection triggers an emer-
gency response that not only controls the infection, but
also signals to incoming myeloid cells that KCs have to be
replaced.
A very recent study is particularly interesting and sheds light
on our results (Molawi et al., 2014): in the heart, embryo-derived
macrophages progressively lose their capacity to self renew and
are replaced by monocyte-derived macrophages. It might also
be true in the liver, and adult KCs might with time lose their
capacity to proliferate. We did not detect any proliferation of
embryo-derived KCs both at steady-state and upon infection.
However, embryo-derived KCs can proliferate upon prolonged
exposure to IL-4 (IL-4c) (our results and Jenkins et al., 2011). A
likely explanation of this observation is that early death signal
triggered by KC infection abrogates their proliferation potential.
The amount of bioavailable IL-4 to stimulate KCsmight also differ
in these two situations and account for the differences observed.
Type 1 and type 2 responses are classically considered as
mutually exclusive (Mills, 2012). We show here on the contrary
that type 1 and type 2 responses can be not only consecutive
but also complementary in a context of a bacterial infection. A
similar type of switch from a pro- to an anti-inflammatory and
repair phenotype has been observed for macrophages in a non-
infectious context, such as chemically injured skeletal muscles,
and shown to contribute to the myogenesis repair processes,
although the underlying mechanisms was not fully elucidated
(Arnold et al., 2007). It has also been shown that inflammatory
monocytes could replace Langerhans cells, the embryonic
derived skin dendritic cells, after ultraviolet irradiation-mediated
injury (Ginhoux et al., 2006). Nevertheless, our study demon-
strates the contribution of monocyte-derived macrophages to
the renewal of a tissue-resident embryonic derived macrophage
population upon bacterial infection, a so far open question in the
field of macrophage ontogeny (Davies et al., 2013a, 2013b).
We have identified some of the key molecular players of
this unexpected host reponse to Lm, including KC-derived
IL-1b, hepatocyte-derived IL-33, basophil-derived IL-4, and M-
CSF. Among these effectors, the alarmin IL-33 has been studied
in detail for its involvement in type 2 inflammation and allergy (Li-
cona-Limo´n et al., 2013), but to a lesser extent during bacterial
infection. Even if a recent study shows an involvement of IL-33
in host defense against Staphylococcus aureus (Li et al., 2014),
nothing was known about its role in a context of Lm infection.
Similarly, basophils were not described to be involved in bacterial
infections response, although their role inhelminth-induced type2
inflammation and allergy was previously established (Voehringer
et al., 2004; Sokol and Medzhitov, 2010; Sullivan et al., 2011;
Egawa et al., 2013; Jenkins et al., 2013). Our study highlightsthe interactions of basophils with macrophages in the context of
a bacterial infection and opens a new field of investigations for
infection control and tissue return to homeostasis.
Further investigations will be required to fully decrypt the
consequences of liver macrophage turnover upon infection,
including its long-term effects and the response to further infec-
tious challenges. Having used Lm as a tool to disrupt liver ho-
meostasis, this study illustrates how the host has evolved to
fine-tune immune responses, contain tissue responses to infec-
tion, and proceed toward tissue repair.
EXPERIMENTAL PROCEDURES
Mice
Micewere housed in the animal facility of the Institut Pasteur and animal exper-
iments were performed according to the Institut Pasteur guidelines for the hus-
bandry of laboratory animals. Procedures have been approved by the ethical
committee CETEA/CEEA n89 under the number ‘‘2013-0102.’’ The mouse
strains used and procedures are described in the Supplemental Experimental
Procedures.
Bone Marrow Engraftment
Total bone marrow cells were removed from legs (femora and tibiae) of donor
WT mice and intravenously injected into 5-week-old lethally irradiated (1,250
Rad) host mice (one donor for four recipient mice) to generate bone marrow
chimera. After 10–12 weeks of bone marrow reconstitution, chimeras were
used to perform experiments. Formonocyte transfer, bonemarrowmonocytes
were removed from legs of donor MaFIA-GFP mice and intravenously injected
into WT host mice (one donor for two recipient mice) concomitantly i.v. in-
fected with Lm.
Bacterial Burden
Organs were removed from infected sacrificed animals and homogenized. Se-
rial dilutions of cell suspensions in PBS were plated on BHI agar plates. After
24 hr of incubation at 37C, colony-forming units were counted.
Inhibitors, Interleukins, and Antibody Treatment
The detailed procedures are described in the Supplemental Experimental
Procedures.
Quantitative PCR
Quantitative RT-PCR was performed with the TaqMan gene expression assay
and the kit RNA to Ct (Applied Biosystems) and normalized to the house-
keeping gene Hprt by comparative Ct.
Cell Isolation, FlowCytometry Analysis, and Sorting ofMacrophages
and Basophils
The detailed procedures are described in the Supplemental Experimental
Procedures. In brief, isolation of liver macrophages was performed by using
Collagenase. Red blood cells were lysed and cells were blocked and strained.
For detection of intracellular markers, after surface staining, cells were fixed,
permeabilized, and then stained. Cells were analyzed with a LSRFortessa
flow cytometer (BD) or sorted with a FACSAria machine (BD). Flow cytometry
analysis was done with the FlowJo software (Tree Star).
ELISA
IL-1b, IL-4, and IL-33 were measured with ELISA kits from Biolegend, Abcam,
and Affymetrix eBioscience, respectively. Organs were removed, rinsed, and
weighed before homogenization in PBS Triton X-100 1%. Assays were then
performed according to the manufacturer instructions.
Confocal Microscopy
The detailed procedures are described in the Supplemental Experimental Pro-
cedures. In brief, livers were removed and fixed. Livers were then embedded in
O.C.T. compound and nitrogen frozen. Thin slices of 8 mmwere cut by using a
cryostat at 20C, permeabilized, and blocked. Tissues were then probedImmunity 42, 145–158, January 20, 2015 ª2015 Elsevier Inc. 155
with the appropriate primary and secondary antibodies. Sections were then
dried and finally imagedwith an LSM700 confocal microscope. Image analysis
was performed with Zen and Image J software.
Histological Analysis
Histopathological examination of liver was done after fixation of the tissues in
PFA 4% and embedding in paraffin. Tissue sections were cut and stained with
hematoxylin and eosin. All slides were coded and the number and size of infil-
trating inflammatory cells were evaluated in a blinded manner.
Statistical Analysis
t tests or nonparametric Mann-Whitney tests were routinely used for statistical
analysis. Figure legends show in parentheses the minimum number of mice
used in the experiment and the statistical test used. Statistical significance
is expressed as follows: *p < 0.05, **p < 0.01, ***p < 0.001, ****p < 0.0001,
and ns indicates not significant.
SUPPLEMENTAL INFORMATION
Supplemental Information includes seven figures, seven movies, and Supple-
mental Experimental Procedures and can be found with this article online at
http://dx.doi.org/10.1016/j.immuni.2014.12.020.
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